Effect of Furrow Irrigation on the Severity of False Smut in Susceptible Rice
False smut (Ustilaginoidea virens (Cooke) Takah.) is an important emerging disease of rice (Oryza sativa L.) in the United States. Historically an uncommon disease, false smut has recently increased in importance throughout the rice growing regions of the world (11, 12, 14, 16) . In Arkansas, the largest rice producing state in the United States, the disease was first recorded in 1997 (3) . Since the late 1990s, false smut has become an increasing concern, especially in years where a significant portion of the crop has been planted later than normal. In some cases, growers have become concerned about yield loss, particularly when disease severity has been high in favorable years. However, accurate measurements of statewide yield losses have not been obtained to date.
The increasing frequency of false smut in U.S. rice has prompted a need to develop management strategies for this disease. Currently, all major rice varieties grown in the southern United States are susceptible to false smut (13) , and the dominant rice cultivation system (in rotation with soybean, on tilled soil, with high fertilizer input) promotes the greatest severity of this disease (2) . This combination of factors serves only to promote the potential for disease epidemics in the future. Since resistance to false smut is not known (8) and variety development is a process that takes decades, short-term disease control strategies are necessary to mitigate crop losses in the near future.
It is known that nitrogen fertilizer inputs positively influence the severity of false smut (5) . Recently, we reported similar findings from a long-term crop rotation study, and discovered that a balance between effective disease control and maximum yield was attainable at moderate nitrogen fertilizer rates (2) . However, changing the status quo as a measure to prevent disease epidemics can prove challenging. A single disease problem will not be the stimulus to adopt new production practices unless its impact is catastrophic. Rice farmers seek to maximize yield, and reducing fertilizer application is counter intuitive to that goal.
Of all the foreseeable changes in rice production in Arkansas, water availability is likely to be the most prominent. As recently as 1991, the Arkansas Natural Resources Commission declared several counties as "Critical Ground Water Areas" (6) . Since that time, two more areas have received the same designation. This designation indicates water is being drawn from the alluvial aquifer at a faster rate than it is recharged. T. B. Reed (10) reported that continued groundwater use at the 1997 rate was unsustainable. If rice production is to continue in these areas, it will need to be done with significantly less water.
Furrow irrigation is one method in which rice can be produced with substantial water savings over flooded rice paddies. This system of rice production is identical to some methods used for production of soybean, which is commonly grown in rotation with rice and is reported to use 50 to 60% less irrigation water than contour levee systems used in rice culture (15) . In addition, furrow-irrigated rice has the potential to reduce methane gas emissions when compared to flooded rice paddies that contribute significantly to atmospheric methane (1, 4) . Production input costs are also reduced as levee construction is eliminated, and application of fertilizer and chemicals can be performed with ground equipment instead of aerial application. Combined with a tail water recovery system, furrow irrigation can save water, reduce greenhouse gas emissions, and reduce waterway pollution from runoff and aerial drift.
Furrow-irrigated rice cultivation is not without challenges, and the greatest deterrent is reduced yield in aerobic soil conditions. Significant yield penalties have been observed for furrow-irrigated rice in Arkansas (M. Anders, unpublished results); however, economic analyses of net returns after cost savings were not calculated. Therefore, yield penalties can be misleading, as the net return will be balanced by significant cost savings. Although furrowirrigated rice occupies <1% of Arkansas rice acreage (15) , projected irrigation water shortages (6) may prompt the increase of acres in the state.
Previously (2), we demonstrated that conservation tillage, a sustainable agricultural practice, effectively reduced losses from false smut in conventionally grown paddy rice. Herein, our primary objective was to determine the effect of furrow irrigation on false smut severity in susceptible rice varieties, to support our long-term goal to resolve the effects of alternative (sustainable) rice culture practices on important diseases of rice. To address our objective, we evaluated false smut severity in three field experiments conducted over 3 years. We selected modern rice varieties that were relevant to rice production in Arkansas. The presented work resolves the effects of fertility, alternative irrigation, and disease resistance on smut severity in rice.
MATERIALS AND METHODS
Study location. The two experimental sites were located at the University of Arkansas Rice Research and Extension Center in Stuttgart (N 34°27′ lat; W 91°24′ long). The sites are situated within the Grand Prairie region of eastern Arkansas, where natural infestation of grain smuts is known (2) , and the Dewitt silt loam (fine, smectitic, thermic, Typic Albaqualf) soil is representative of the region (9) .
Plant materials. Seed of rice hybrids 'CLXL 730' and 'CLXL 729' were provided by RiceTec (Alvin, TX). Seed of rice cultivar 'CL161' was provided by Horizon Ag (Memphis, TN). Hybrids were selected due to superior performance in aerobic soil conditions relative to conventional cultivars (M. Anders, unpublished results), known susceptibility to false smut, and resistance to kernel smut (2) . CL161 was included as a conventional cultivar control with susceptibility to false smut and kernel smut (13) . All three entries were Clearfield varieties, and resistant to the herbicide Newpath (BASF Agricultural Products, Research Triangle Park, NC) used for red rice weed control.
Field preparation for furrow irrigation. Fields were prepared by tilling once with a standard disk at the end of the previous crop season. In the spring, the field was disked again followed by two passes with a triple-K (light field cultivator). Beds were formed using a 6.4-m bedder (Eddins Manufacturing Inc., Stuttgart, AR) with furrow coulters placed at 76-cm intervals. The formed beds were 10 cm above the furrow bottoms. Hybrid rice was drill seeded at 39 kg ha -1 on the beds and in furrows using an Almaco no-till drill (Almaco, Nevada, IA) with a 19-cm row spacing. Irrigation to maintain aerobic soil conditions was carried out by running water down the furrows until the beds had wetted to the center. Watering was carried out weekly until the plants reached panicle initiation, after which watering was increased to twice weekly. , and muriate of potash (0-0-60). P and K were applied prior to planting and N was applied postemergence, at the four-to fiveleaf growth stage to a dry soil surface. Immediately following the N application, all irrigation treatments were applied. Flooded plots were kept in a 10-cm flood until draining for harvest, while furrowirrigated plots were watered as previously described. All plots were harvested with a John Deere 45 combine (Deere & Company, Moline, IL) retrofitted with a Carter weigh bucket (Carter Mfg. Co. Inc., Brookston, IN) at approximately 18% moisture for yield measurements. Grain samples for moisture determinations and disease evaluations were collected from the combine at harvest. Grain yields were adjusted to and reported at 12% moisture.
Analyses of all dependent variables were performed using the GLIMMIX procedure in SAS (version 9.1.3). False smut and kernel smut were lognormally distributed. This probability distribution was specified in the model after the variable(s) was coded by adding (+1) to each value. Yield followed a Gaussian (normal) distribution. Crop rotation, irrigation, and their interaction were considered fixed effects in the statistical model(s). The appropriate error terms and degrees of freedom based upon the experimental design were incorporated. Rice hybrid varieties were considered as random effects to infer the range of rice varieties as we were not implicitly focused on the means results of the specific varieties included in this study. Estimation of variability in rice varieties is presented through best linear unbiased predictors (BLUPs) and predicted standard error as calculated using the SOLUTIONS option. Estimated means, standard errors, and differences of means in the fixed effects were calculated using the LSMEANS option. Apart from the N treatments, all plots were managed as previously described. At the four-to five-leaf growth stage, N source treatments were applied to a dry soil surface in all plots at a rate of 112 kg N ha -1 . Harvesting was done as described in the previous study.
Analyses of all dependent variables were performed using the GLIMMIX procedure in SAS (version 9.1.3). False smut and kernel smut were lognormally distributed. This probability distribution was specified in the model after the variable(s) was coded by adding (+1) to each value. Yield followed a Gaussian (normal) distribution. Irrigation, N source, and their interaction were considered fixed effects in the statistical model(s). The appropriate error terms and degrees of freedom based upon the experimental design were incorporated. Estimated means, standard errors, and differences of means in the fixed effects were calculated using the LSMEANS option.
Smut nursery experiment (2008). The smut disease nursery was located in a field known to have natural infestation of false smut and kernel smut in the previous rice crop (2007; S. A. Brooks, unpublished results). The field was divided into two sections of approximately 30 × 43 m each, where soil preparation and preplant P and K applications were the same as above. Due to irrigation constraints at the site, only a single comparison (replication) of flood versus furrow irrigation could be made. Each section was planted on 6 May with two rice varieties (CLXL 729 and CL161; 15 × 43 m each variety per section), where the hybrid seeding rate and row spacing were the same as above. The seeding rate for CL161 was 101 kg ha -1 , which is a typical seeding rate for a conventional cultivar. A single excessive nitrogen fertilizer application of 246 kg N ha -1 was made with Agrotain (Agrotain International, L.L.C.) coated urea pellets (46-0-0), and applied as a pre-irrigation treatment at the four-to five-leaf seedling growth stage. This N rate was previously shown to promote smut diseases (2) . Precision leveling of the ground (no slope) at this site made it difficult to furrow irrigate the rice beds. Therefore, the furrow-irrigated section was flushed once a week by holding water on the beds with a levee, and then dropping the standing water within 18 h. This process maintained aerobic soil conditions in the section. In the flooded section, 10 cm of water was established in the plot and maintained throughout the season. Infected rice grain was collected at harvest from four subsamples (37 m 2 each) per variety plot with a combine (as above), with the exception of CL161 from the flooded section. The CL161-flood plot lodged severely from the wind and rain of hurricanes Gustav and Ike in August and September of 2008. Therefore, the rice that could be picked up by the combine was harvested as a single sample from the entire plot.
Sampling and disease rating. through grain fill for all entries and treatments. The vertical placement of the sensors was at the point of flag leaf attachment to the culm. Both sensors were connected to a CR800 Datalogger (Campbell Scientific), which was set to record maximum, minimum, and average values on a per minute basis. Analysis of microclimate data was performed using Microsoft Excel 2004 for Mac (Version 11.5.4, Microsoft Corporation, Redmond, WA) and LoggerNet 3.4.1 (Campbell Scientific).
RESULTS

False smut: irrigation × rotation (2006 to 2008).
False smut severity was evaluated from 2006 through 2008 in a rice irrigation and crop rotation experiment. Irrigation (P < 0.0192) was the only significant treatment, and there were no interactions between the treatments (Table 1) . Disease severity in furrow-irrigated conditions was negligible and was consistently less than the severity detected in the flooded plots (0.5625 versus 2.3779 LSM, respectively). Covariance parameter estimates were calculated and the variance due to random effects in the model was assessed (not shown). Variance due to the year effect was high compared to the remaining random effects and accounted for 35.7% of total model variance. Year-toyear estimates of variability to the mean (BLUPs, 0.4975, 0.3526, and -0.8501 for years 2006, 2007, and 2008, respectively) indicated a decline in false smut severity over the course of the study. Grain yields were also monitored over the course of the study (10,159 and 7,177 kg/ha flooded and furrow-irrigated treatments, respectively). Irrigation (P < 0.0032) was the only significant treatment, and there were no interactions between treatments (Table 1) .
False smut: nitrogen source (2006 to 2007). False smut severity was evaluated in the 2006 to 2007 nitrogen source experiments. Irrigation (P < 0.0289) and N source (P < 0.0048) were both significant treatments, and there was a significant irrigation × N source interaction (P < 0.0057; Table 1 ). The inclusion of nonfertilized control plots resulted in N source being a significant treatment in the model. This also caused the interaction between treatments. Figure 1 illustrates false smut severity among N source treatments in flooded and furrow-irrigated plots. The zero N treatment (rate) had significantly less false smut (0.6713-0 LSM) than the remaining flooded rice treatments, which produced highly similar disease severity values (2.9295-AG, 2.9539-SR, and 2.8896-U LSM values). Therefore, N rate was the significant factor detected in the analysis as a source. As in the irrigation study, disease severity in furrow-irrigated conditions was negligible and significantly less than the flooded plots (0.5906 versus 2.3611 LSM, respectively). Nitrogen source was not significant in furrowirrigated plots as N treatments were not different (0.5246-AG, 0.4220-SR, and 0.8468-U LSM values), and did not increase disease severity above zero N (0.5690-0 LSM). However, grain yields were affected by N rate in furrow-irrigated plots (2932-0, 7127-AG, 7379-SR, and 7430-U kg/ha). The effect of N rate (via the inclusion of a zero N control) on false smut severity in flooded rice, but not in furrow-irrigated conditions, resulted in the significant irrigation × N source interaction. (Table 1) , which showed stability in the hybrid varieties' resistance across all treatments. This resistance was evident in the low disease severity values in each study (irrigation study: 0.5647-furrowirrigated and 0.8536-flooded LSM values; N source study: 0.2429-furrow-irrigated and 0.4052-flooded LSM values). In contrast to false smut, variance due to year for kernel smut severity was low in both studies and represented only 5.6 and 13.1% of the total experimental variance for the irrigation and N source studies, respectively.
CLXL 729 and CL161 evaluation (2008).
In 2008, observations of both smut diseases were made for the conventional cultivar CL161 in addition to the hybrid CLXL 729 used in the prior two experiments. False smut observations for CLXL 729 were similar to the aforementioned studies, and furrow irrigation reduced false smut severity by 96% compared to flooded plots ( Fig. 2A) . Similarly, a 99% reduction in false smut severity was observed for CL161. Kernel smut severity in CLXL 729 (resistant) was also low in this experiment (Fig. 2B) . A small difference in kernel smut severity between furrow-irrigated and flooded conditions was observed, but it was negligible in magnitude due to the overall low levels of disease. Kernel smut severity was high in CL161 (susceptible), in both flooded and furrow-irrigated plots. Limitations encountered in this single-year study (see methods) rendered it impossible to determine if the observed differences in kernel smut severity in CL161 were significant.
Canopy temperature and relative humidity were recorded in flooded and furrowirrigated plots of CLXL 729 for 3 weeks during the 2008 smut nursery flowering period (Table 2 ). Average daily temperatures and average daytime high temperatures were greatest in the flooded plots. The canopy relative humidity (daily average and during the daytime high temperature period) was also highest in the flooded plots. However, differences in daily temperature and relative humidity were negligible in magnitude (1.24°C and 2.91%, respectively) compared to the daily fluctuation range. The daily temperature fluctuation was 9.74°C in furrow-irrigated plots and 10.54°C in flooded plots. The daily relative humidity fluctuation was 25.22% in furrow-irrigated plots and 24.24% in flooded plots. The similarity of daily fluctuations between flooded and furrow-irrigated plots is evident in the overlap of value ranges observed for each measure (Table 2) .
DISCUSSION
False smut is emerging as a disease of importance for rice production worldwide (12, 14, 16) . Observations on the annual severity and extent of distribution of the disease are nonexistent, presumably due to a lack of research focus in those areas and the relatively recent development of the Previously (2), we reported a higher incidence of false smut in rice grown in rotation with soybean than in continuous rice cultivation. This apparent contradiction between studies, where the same rotation treatment was significant in our previous work but not in the current report, is likely due to the length of time in rotation. Results in our previous report (2) were from years six and seven of a long-term crop rotation study. The present report is based upon years one through three of our irrigation studies. Since we consider the effect from rotation to be caused by soil N accumulation due to nitrogen fixation from the soybean crop (2), it is likely that the current study has not been in place long enough for rotation to become a significant treatment.
Variations in false smut severity over years, planting dates, or experimental treatments did not occur in furrowirrigated rice. In this case, false smut severity was consistently low in all field experiments, conducted over 3 years, with three susceptible rice varieties and multiple fertility treatments. The furrow irrigation treatment nearly eliminated false smut from susceptible hybrid and inbred varieties, demonstrating that the phenomenon was not unique to an individual variety. Furrow irrigation also confounded the fertilizer treatment that was known to positively influence the disease in flooded conditions (2) . Either the effect of furrow irrigation negated the effect of fertilizer treatments or the switch to aerobic soil conditions altered the plant physiology such that fertility had no effect. Our current data support both options. In favor of the former, the near elimination of false smut disease in all furrow-irrigated rice plots precludes the resolution of additional treatments. For the latter, N rate positively influenced yield in furrow-irrigated rice, demonstrating that fertility treatments were effective, but did not influence false smut.
Dissimilarity of plot microclimates is another option that could explain the differences in false smut severity between the two irrigation treatments. Our results can likely rule out this option. Canopy microclimate measurements made in 2008 indicate that the differences observed in temperature and relative humidity were negligible compared to the daily fluctuations that occur. Furthermore, furrow irrigation did not reduce kernel smut severity in the susceptible rice cultivar CL161, demonstrating that environmental conditions in the nonflooded rice canopy had no effect on this disease, and that the ricefalse smut phenomenon is unique to that host-pathogen system.
The effect of furrow irrigation on false smut severity is interesting beyond the scope of its utility for establishing "field resistance" to false smut. This observation is contradictory to the effect of furrow irrigation on blast disease (Pyricularia grisea (Cooke) Sacc.) of rice. It is known that nonflooded conditions favor blast by imposing a physiological stress on the host plant (14) . This dichotomy supports the hypothesis that there is a physiological change in the host plant effecting false smut susceptibility, as we do not expect water-stressed rice plants to increase tolerance to one disease and not another. Although this system will help elucidate the mechanisms of susceptibility to false smut, caution must be used with field implementation as furrow-irrigated rice could develop severe blast disease. To this end, hybrids appear to be the best option for field implementation. Some hybrids are blast resistant (13) , and blast symptoms were negligible on hybrid entries in these experiments.
We can only speculate about the mechanism of false smut suppression in furrowirrigated rice. It seems likely that the physiological change in the host plant in response to the shift from anaerobic (flooded) to aerobic (furrow-irrigated) growing conditions was also responsible for suppression of false smut symptoms. Our primary consideration for future research is determining whether or not furrow-irrigated rice becomes infected with U. virens and sporulation is suppressed, or if the infection process itself is hindered. Regardless of the mechanism, the dramatic reduction in sporulation of false smut represents a strategy for disease control through reduction in the annual accumulation of pathogen chlamydospores and pseudomorphs in the soil.
